Tissue engineering has become a promising strategy for repairing damaged cartilage and bone tissue. Among the scaffolds for tissue-engineering applications, injectable hydrogels have demonstrated great potential for use as three-dimensional cell culture scaffolds in cartilage and bone tissue engineering, owing to their high water content, similarity to the natural extracellular matrix (ECM), porous framework for cell transplantation and proliferation, minimal invasive properties, and ability to match irregular defects. In this review, we describe the selection of appropriate biomaterials and fabrication methods to prepare novel injectable hydrogels for cartilage and bone tissue engineering. In addition, the biology of cartilage and the bony ECM is also summarized. Finally, future perspectives for injectable hydrogels in cartilage and bone tissue engineering are discussed.
INTRODUCTION
Cartilage and subchondral bone damage can be caused by a variety of conditions, such as trauma, arthritis, and sports-related injuries. [1] [2] [3] [4] It has been reported that 60% of patients examined by knee arthroscopy exhibit cartilage damage, and~15% of people over 60 years old have some clinical symptoms of such damage. [5] [6] In particular, the self-healing of damaged cartilage is limited, owing to its lack of vascularization, innervation, lymphatic networks, and progenitor cells. [6] [7] [8] [9] [10] [11] [12] For bone tissue, despite its high vascularization, commonly used techniques for repair, such as autografting and allografting, are limited because of risks of donor-site morbidity, potential infection, and a high nonunion rate with host tissues. [13] [14] [15] [16] [17] Bone defects are one of the leading causes of morbidity and disability in elderly patients. 18 Medical restoration of the damaged cartilage and bone tissue remains to be achieved. Therefore, developing a method to perfectly and permanently repair the damaged cartilage and bone tissue is of significant clinical interest for patients with cartilage lesions and bone defects.
Tissue engineering, which emerged in the early 1990s, has become one of the most commonly used approaches for cartilage and bone tissue reconstruction and regeneration. [19] [20] [21] [22] Generally, an engineered tissue is composed of a scaffold, cells, and necessary growth factors. [23] [24] To fully reconstruct the damaged cartilage and bone tissue, it is important to synthesize biocompatible and biodegradable scaffolds that mimic the native features of the specific tissue, successfully transport cells and growth factors to the damaged tissue, and provide support to the newly formed tissue until it matures. 25 Ideally, the scaffolds of both cartilage and bone tissue engineering should be porous, highly biocompatible, nontoxic, and capable of promoting cell differentiation and new tissue formation; they should also have stable mechanical properties, degrade in response to the formation of new tissue, facilitate the diffusion of nutrients and metabolites, adhere
Since the 1990s, a variety of biomaterials have been investigated and tested for cartilage-and bone tissueengineering applications. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Among all the biomaterials, hydrogels have received widespread interest, particularly for their use as scaffolds in cartilage and bone tissue engineering, owing to their structural similarity to the extracellular matrix (ECM) and their porous framework, which enables cell transplantation and proliferation. 39 Hydrogels are three-dimensional (3D) cross-linked networks formed by hydrophilic homopolymers, copolymers, or macromers that swell in aqueous solution and provide an appropriate microenvironment similar to the ECM, thus facilitating the migration, adhesion, proliferation, and differentiation of chondrocytes and osteoprogenitor cells to osteoblasts, and efficiently delivering nutrients and growth factors. [39] [40] [41] [42] Recently, injectable hydrogels have attracted the attention of biomaterials scientists for cartilage-and bone tissue-engineering applications, because they can replace implantation surgery with a minimally invasive injection method and can form any desired shape, to match irregular defects. 3, [43] [44] [45] [46] [47] The schematic describing injectable hydrogels for cartilage-and bone tissue-engineering applications is illustrated in Figure 1 . Excellent biomaterials and appropriate fabrication methods play crucial roles in developing ideal injectable hydrogels that can function as scaffolds for cartilageand bone tissue-engineering applications. A variety of biomaterials, both natural and synthetic, have been exploited to prepare injectable hydrogels; these biomaterials include chitosan, 43 collagen or gelatin, [48] [49] alginate, 50 hyaluronic acid, 51 heparin, 52 chondroitin sulfate, 53 poly (ethylene glycol) (PEG), 54 and poly(vinyl alcohol). 55 Injectable hydrogels can be fabricated through both physical and chemical methods. Physically injectable hydrogels are spontaneously formed by weak secondary forces, whereas chemical hydrogels are usually formed by covalently cross-linking. [56] [57] [58] On the basis of the concrete fabrication methods, injectable hydrogels can be classified as enzymatically cross-linked hydrogels, 59 photo-cross-linked hydrogels, 60 Schiff base cross-linked hydrogels, 61 Michael addition-mediated hydrogels, 62 click chemistry-mediated hydrogels, 44, 63 ion-sensitive hydrogels, 64 pH-sensitive hydrogels, 65 and temperature-sensitive hydrogels. [66] [67] Although injectable hydrogels prepared by different methods have been investigated for decades, there are scarcely any perfect injectable hydrogels that have been utilized in clinical regenerative medicine. Therefore, the development of an excellent injectable hydrogel for cartilage-and bone tissue-engineering applications is urgently needed. In this review, various biomaterials and fabrication methods for developing injectable hydrogels for cartilage-and bone tissue-engineering applications are discussed. Even though many journal articles and reviews on injectable hydrogels for tissue engineering have been published, this is the first review that particularly focuses on both biomaterials and fabrication methods for developing novel injectable hydrogels, specifically for use in cartilage and bone tissue engineering. In this review, we provide a guide for selecting an appropriate biomaterial and fabrication method to prepare such injectable hydrogels. In addition, the biology of cartilage and the bony ECM is also discussed. Finally, perspectives on future injectable hydrogels for cartilage and bone tissue engineering are also discussed.
THE BIOLOGY OF CARTILAGE AND THE BONY ECM
In cartilage and bone tissue engineering, detailed understanding of the biology of cartilage and the bony ECM is crucial in realizing successful cartilage and bone tissue regeneration. Cartilage is a fiber-reinforced composite material composed of chondrocytes surrounded by specialized ECM consisting of structural and functional proteins, glycoproteins, and glycosaminoglycans assembled in unique tissue-specific 3D microenvironment architectures. [68] [69] [70] [71] The composition and structure of cartilage tissue are always depth-dependent ( Figure 2 ) and can be divided into four different zones on the basis of collagen fiber alignment and proteoglycan composition. [72] [73] [74] From the superficial zone to the deep zone, the proteoglycan Figure 1 . Schematic illustration of approaches to make injectable hydrogels for cartilage-and bone tissue-engineering applications.
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Applications of hydrogels M Liu et alcontent gradually increases. In the superficial zone, the collagen fibers are aligned parallel to the surface. Collagen fibers in the middle zone are unaligned and tangential to the cartilage surface. In the deep zone, collagen fibers are arranged radially. Finally, the collagen fibers in the calcified zone tend to arborize with little organization and mineralization.
In contrast to cartilage tissue, bone is a highly vascularized biomineralized connective tissue with high mechanical strength and structural complexity. 57, 75 Natural bone tissue has a distinct hierarchical structural organization at the macrostructural, microstructural, and nanostructural levels ( Figure 3 ). [76] [77] At the macrostructure level, bone can be distinguished into cortical bone and cancellous bone. At the microstructure level, the cortical bone is made up of repeated units of osteon, whereas the cancellous bone is composed of an interconnecting framework of trabeculae complemented with bone marrow-filled free spaces. Each osteon has 20-30 concentric layers of collagen fibers, called lamellae, which surround the central canal and contain various blood vessels and nerves. Finally, at the nanostructure level, there are large amounts of collagen fibers, calcium phosphate crystals, and non-collagenous organic proteins, which are the main components of the trabeculae and osteon units. 76 The mechanical properties of bone tissue strongly depend on the specific structure and organization of the bony ECM. This highly organized and complicated structure of the cartilage and bone is essential to support its biological functions. The composition of both cartilage and the bony ECM is highly complex. Normally, the native cartilage ECM is composed primarily of water, type II collagen, proteoglycans, hyaluronic acid, glycosaminoglycans, and elastin. 73, 76, [78] [79] [80] Unlike cartilage ECM, the bony ECM is composed of oriented collagen I fibers and nanocrystals of carbonated hydroxyapatite, and is complemented with a number of proteoglycans, glycoproteins, and sialoproteins. [81] [82] All components of both cartilage and the bony ECM, which are continuously synthesized, secreted, oriented, and modified by the chondrocytes or osteoblasts that they support, are essential for chondrocyte and osteoblast growth, development, maintenance, and Figure 2 . Schematic illustration of depth-dependent architecture of cartilage tissue. From the superficial zone to the deep zone, the proteoglycan content gradually increases. In the superficial zone, the collagen fibers are aligned parallel to the surface. Collagen fibers in the middle zone are unaligned and tangential to the cartilage surface. In the deep zone, collagen fibers are arranged radially. Finally, the collagen fibers in the calcified zone tend to arborize with little organization and mineralization. Chitosan-based injectable hydrogels. Chitosan is a linear polysaccharide that is derived from natural chitin, which is composed of glucosamine and N-acetylglucosamine.
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Recently, chitosan has become increasingly attractive as an injectable hydrogel for cartilage repair, owing to its structural similarity to cartilage glycosaminoglycan. nanofillers to develop a new class of reinforced hyaluronic acid-based injectable hydrogels, which comprise adipic aciddihydrazide-modified hyaluronic acid and aldehydemodified hyaluronic acid reinforced by the aldehydemodified cellulose nanocrystals. The biological performance of the developed hydrogel has been evaluated on the basis of the incorporation of human adiposederived stem cells. The hydrogel has been found to possess preeminent cell-supportive properties and to spread well within the volume of gels, in addition to exhibiting pronounced proliferative activity.
Fibrin-based injectable hydrogels. Fibrin, which is regarded as a favorable cell-transplantation matrix that can enhance cell attachment, proliferation, differentiation, and migration in a 3D scaffold, is a natural fibrous protein involved in blood clotting. [125] [126] [127] In previous studies, fibrin, alone or in combination with other materials, has been used to synthesize scaffolds for cartilage tissueengineering applications. 125 Hwang et al 134 have developed a novel hybrid hydrogel system using alginate particles and a fibrin matrix. In this hydrogel, the introduction of alginate particles into a fibrin matrix enhances cellular mobility and proliferation, volume retention, and vascularization in vivo, thus making the injectable hybrid system a desirable approach for cartilage tissue-engineering applications.
Alginate-based injectable hydrogels. Alginate, which consists of guluronic and mannuronic acids, is a polysaccharide extracted from brown algae (Phaeophyceae). 50, [135] [136] Alginate has become one of the most commonly used biomaterials in injectable hydrogel preparation for cartilage tissue-engineering applications, owing to its favorable scaffold forming, non-immunogenicity, and nontoxicity. 135 Heparin-based injectable hydrogels. Heparin, which is best known for its anticoagulant properties, is a negatively charged, highly sulfated, linear polysaccharide composed of repeating disaccharide units of 1,4-linked uronic acid and glucosamine residues. [145] [146] [147] [148] Owing to its negatively charged functional groups, heparin can interact with proteins, including ECM proteins, growth factors, and chemokines, which plays important roles in many biological processes, such as triggering multiple downstream signaling pathways and controlling cellular proliferation, and differentiation. [149] [150] [151] [152] [153] [154] As a result, heparin has widely been used for the fabrication of injectable hydrogels that control the delivery of growth factors in tissues, especially during cartilage tissue repair. 153, [155] [156] [157] [158] For example, Jin et al 159 have used horseradish peroxidase (HRP)-mediated co-cross-linking to form dextrantyramine (Dex-TA) and heparin-tyramine injectable hydrogel conjugates whose swelling and mechanical properties can be controlled for cartilage tissueengineering applications. Chondrocytes incorporated in the hydrogel exhibit favorable viability and proliferation, with increased production of chondroitin sulfate and abundant collagen content. In addition, heparin-based injectable hydrogels can also be combined with other scaffolds to reinforce its curative effects. Such a strategy has been attempted by Kim et al, 160 who have combined the advantages of a porous gelatin-incorporated poly (L-lactide-co-ε-caprolactone) scaffold and heparinbased injectable hydrogels to produce a scaffold/hydrogel composite for delivering chondrocytes to repair partial thickness cartilage defects. Cells encapsulated in the scaffold/hydrogel composite exhibit enhanced expression of chondrogenic genes and increased the production of glycosaminoglycans. In addition, significant cartilage formation that integrates well with the surrounding natural cartilage tissue has been observed when this composite has been used to repair partial thickness defects of rabbit knees. All of these results indicate that the scaffold/hydrogel composite is a promising scaffold system for cartilage regeneration.
Elastin-based injectable hydrogels. Elastin is an insoluble, polymeric, elastic protein found in soft tissue, such as skin, blood vessels, and lungs. [161] [162] 
INJECTABLE HYDROGELS FABRICATED VIA DIFFERENT APPROACHES
There are various approaches available for the fabrication of injectable hydrogels; depending on the approach used, injectable hydrogels can be divided into physical hydrogels and chemical hydrogels. Physical hydrogels are spontaneously formed by weak secondary forces, which respond to the changes in temperature, pH, or ionic concentration. 63, [190] [191] Chemical hydrogels are pro- 
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Michael additions, click chemistry, and photo-crosslinking. 44, 56, [62] [63] [192] [193] Injectable hydrogels by physical methods Temperature-sensitive injectable hydrogels. Injectable hydrogels that are sensitive to temperature changes have recently attracted substantial attention for applications in cartilage tissue engineering, because of their gelation ability at physiological temperature. These injectable hydrogels are present in aqueous form at room temperature, but they rapidly gel at physiological temperature before solidifying in the desired tissue. [194] [195] The threshold temperature at which hydrogels transform from a solution to a hydrogel state is defined as the lower critical solution temperature. The most useful characteristic of temperature-sensitive hydrogels is that they can undergo a phase transition without any chemical stimulus. To date, the most common explanation of the phase transition mechanism of temperature-sensitive injectable hydrogels is that when the temperature changes, there is a change in the hydration state favoring intra-and intermolecular hydrogen bonding, thus eventually changing the hydrogel solubility. [196] [197] Therefore, to make injectable hydrogels that are sensitive to temperatures, temperature-sensitive polymers such as poly(lacticco-glycolic acid)-PEG, 194 poly(N,N-diethylacrylamide), 195 PNIPAAm, 197 and poly(ethylene glycol-b-[DL-lactic acidco-glycolic acid]-b-ethylene glycol) 198 are needed.
PNIPAAm, an inverse temperature-sensitive polymer derived from polyacrylic acid, has become one of the most commonly used temperature-sensitive polymers, owing to its rapid phase transition at its~32°C lower critical solution temperature. [199] [200] [201] Recently, the use of the enzymatic cross-linking method applied to the development of novel injectable hydrogels has drawn attention, owing to the fast gelation, high site specificity, ability to work at normal physiological conditions, and low cytotoxicity. [210] [211] [212] [213] [214] [215] Several enzyme-mediated cross-linking systems have been applied to synthesizing injectable hydrogels for cartilage tissue-engineering applications, including transglutaminase, tyrosinase, phosphopantetheinyl transferase, lysyl oxidase, plasma amine oxidase, phosphatase, thermolysin, β-lactamase, and peroxidase. 215 Among them, HRP is the most commonly used enzyme in synthesizing injectable hydrogels. HRP is a single-chain β-type hemoprotein that catalyzes the conjugation of phenol and aniline derivatives in the presence of H 2 O 2 . [215] [216] The HRP-mediated cross-linking system covalently binds the phenol-conjugated polymers to the ECM proteins of the surrounding native tissue and thus is beneficial in maintaining the structural integrity of the wound tissue. 217 Both natural and synthetic polymers that contain phenol groups or are functionalized with tyramine, tyrosine, or other aminophenol molecules can be enzymatically cross-linked by HRP (Figure 4) . [218] [219] [220] Injectable hydrogels by Schiff base cross-linking. Schiff base reactions have been widely used for synthesizing injectable hydrogels for cartilage regeneration applications, owing to the mild reaction conditions and high reaction rate, as well as the ability to form imine bonds between amino and aldehyde groups without any external stimuli or additional reagents under physiological conditions. 92, [223] [224] [225] [226] [227] [228] Chitosan is an excellent biomaterial for preparing injectable hydrogels via Schiff base crosslinking, owing to the abundant amino groups on its backbone. For example, Cheng et al 229 have reported an injectable chitosan-based polysaccharide hydrogel for cell and protein delivery, which is cross-linked via an imine bond resulting from the Schiff base reaction between the amino functionalities of chitosan and the aldehyde groups of dextran aldehyde in aqueous solutions. Cao et al 230 have utilized a multi-benzaldehydefunctionalized PEG analog, poly(ethylene oxide-co-glycidol)-CHO(poly(EO-co-Gly)-CHO), and glycol chitosan to successfully develop an injectable hydrogel system for cartilage tissue repair, which was chemically cross-linked through a Schiff base reaction between amino groups of glycol chitosan and aldehyde groups of poly(EO-co-Gly)-CHO under physiological conditions in situ ( Figure 5 ). In addition, other biomaterial-based injectable hydrogels coupled by Schiff base cross-linking have been widely investigated. Most recently, Ma et al 231 have developed a biodegradable and injectable polymer-liposome hydrogel by using aldehyde-modified xanthan gum and phosphatidylethanolamine liposomes, which are chemically cross-linked by a Schiff base reaction between the aldehyde groups of aldehyde-modified xanthan gum and amino groups of PE liposomes. This xanthan gum-based liposome hydrogel has many advantages, such as rapid preparation at room temperature, ready biodegradation by enzymes, excellent self-healing capability, and the ability to maintain favorable cell viability.
Injectable hydrogels by Michael addition. The Michael addition reaction, which is the nucleophilic addition of a carbanion or a nucleophile to an α,β-unsaturated carbonyl compound (Figure 6 ), is another commonly used approach to prepare injectable hydrogels, owing to its reaction under physiological conditions and controllable reaction time. 193, [232] [233] [234] [235] [236] [237] [238] [239] have fabricated a dendron-polymer-dendron conjugate-based injectable hydrogel through radical thiol-ene "click" reactions. In this fabrication process, the dendronpolymer conjugates were prepared through an azidealkyne "click" reaction of alkene-containing polyester dendrons, bearing an alkyne group at their focal point, with linear PEG-bisazides. The sequential thiol-ene "click" reaction uses a tetrathiol-based cross-linker to cross-link these alkene-functionalized dendron-polymer conjugates, thus resulting in clear and transparent hydrogels.
Injectable hydrogels by photo-cross-linking. Photo-crosslinking is a complex process, consisting of initiation, propagation, and termination steps, triggered by electromagnetic radiation in the visible and ultraviolet regions ( Figure 8 ). [256] [257] First, free radicals are created by the excitation of photoinitiators, as a result of the illumination in the initiation step. Then, long kinetic chains are crosslinked by propagating the radicals through unreacted double bonds in the propagation step, and this is followed by a termination step, which is characterized by the end of cross-linking in the 3D polymeric network. 257 In recent years, photo-cross-linking methods have been widely applied to prepare injectable hydrogels for cartilage tissue engineering because of the ability to control the timing and location of cross-linking under physiological conditions. [258] [259] [260] [261] [262] [263] [264] [265] [266] For example, Papadopoulos et al 267 have developed a poly(ethylene glycol)dimethacrylate copolymer-based injectable hydrogel by photo-crosslinking for cartilage tissue-engineering applications. Swine 
INJECTABLE HYDROGELS FOR BONE TISSUE ENGINEERING
Bone defects have become one of the leading causes of morbidity and disability among elderly people worldwide. [268] [269] Although autografting is regarded as the gold standard for bone defect repair, it is limited by the donor-site morbidity and uncertain adverse effects. 270 Therefore, bone tissue engineering has attracted considerable attention from researchers as a promising strategy for repairing bone defects without the limitations and shortcomings of using either bone autografts, allografts, or xenografts. 271 Recently, various injectable hydrogels with good moldability and 3D structures have been widely investigated for use in bone tissue engineering. Among the biomaterials used for preparing injectable hydrogels, alginate is one of the most investigated biomaterials used in bone tissue engineering. 135 
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In this hydrogel, HA and GMs successfully improve the mechanical properties of the scaffold, thus demonstrating that the HA and GMs double-integrated alginate-based hydrogel has a suitable physical performance and bioactive properties. Thus, the hydrogel shows great potential for local treatment of pathologies involving bone defects. Moreover, taking advantage of the structural and regulatory cellular functions of zinc (Zn) and its ability to promote osteoblastogenesis and suppress osteoclastogenesis, 285 Niranjan et al 286 have reported a thermosensitive hydrogel, containing Zn, chitosan, and β-glycerophosphate, for bone tissue engineering. Furthermore, Dhivyaet al 287 have designed an injectable thermosensitive zinc-doped chitosan/nanohydroxyapatite/β-glycerophosphate-based hydrogel. In vivo studies in a ratbonedefect model system have indicated the potential of the hydrogel for accelerating bone formation at molecular and cellular levels. Other inorganic materials such as nanosilica and Bioglass have been studied for the preparation of hybrid hydrogel systems. [288] [289] For example, Vishnu Priya et al 290 have developed an injectable hydrogel system by using chitin and poly(butylene succinate) loaded with fibrin nanoparticles and magnesium-doped Bioglass. This hydrogel system enhances the initiation of differentiation and expression of alkaline phosphatase and osteocalcin, thus indicating its promise for regenerating irregular bone defects.
CONCLUSIONS AND PERSPECTIVES
Injectable hydrogels are promising scaffolds for cartilage and bone tissue engineering, owing to their minimal invasive properties and ability to match irregular defects. In this review, we summarized many novel injectable hydrogels prepared by a variety of biomaterial and fabrication techniques for cartilage-and bone tissueengineering applications. First, injectable hydrogels fabricated from both natural biomaterials and synthetic biomaterials were reviewed. Natural biomaterials such as chitosan, collagen/gelatin, alginate, fibrin, elastin, heparin, and hyaluronic acid are among the most commonly used biomaterials for the preparation of injectable hydrogels, owing to their perfect cyto-biocompatibility, biodegradability, low cytotoxicity, and similarity to the natural cartilage and bony ECMs. However, injectable hydrogels synthesized from natural biomaterials usually lack mechanical strength, thus limiting their potential utilization. In contrast, synthetic biomaterials-based injectable hydrogels have favorable stability and mechanical properties, but have poor biocompatibility and bioactive properties. Then, various preparation methods of injectable hydrogels, including both physical and chemical methods, were highlighted. Physical hydrogels can be easily fabricated, owing to their sensitivity to external stimuli such as temperature, pH, ion concentration, and stress. Although physical injectable hydrogels can easily be produced and have low cytotoxicity, they usually have a slow response time and low stability. In contrast, injectable hydrogels prepared via chemical methods show favorable stability under physiological conditions and excellent mechanical properties, but they have adverse effects in vivo, owing to chemical reactions.
Over the past several years, there have been many studies focused on synthesizing novel injectable hydrogels for cartilage and bone repair. However, many challenges remain to be addressed in fabricating injectable hydrogels to optimally achieve cartilage and bone regeneration. The major challenge of developing injectable hydrogels for cartilage and bone tissue engineering is the design of bioactive scaffolds that have perfect biocompatibility, biodegradability, stability, and favorable mechanical properties for 3D cell culture, and are able to support nutrient transportation and growth factor delivery. To address this challenge, first, bioactive biomaterials that can be used to prepare novel injectable hydrogels should be developed. Most recently, attempts at using glycopolypeptide, 291 silk, 292 carrageenan, 293 pectin, 294 and even the ECM 295 to synthesize injectable hydrogels have attracted attention. Second, advanced fabrication methods require further development, primarily to improve the mechanical properties and physiological stability, and to decrease the cytotoxicity and adverse effects of the hydrogels in vivo. Finally, the development of a methodology to integrate the merits of the various biomaterials and fabrication methods for the preparation of injectable hydrogels will play an important role in the clinical applications of hydrogels in cartilage and bone tissue engineering.
